We have characterized, in dogs, a model of inducible regular atrial tachycardia that resembles atrial flutter. The model involves creating a Y-shaped lesion comprised of an intercaval incision and a connected incision across the right atrium. It is suitable for serial studies of the effects of pacing or antiarrhythmic drugs in chronically instrumented animals studied in the awake state for at least several months. The postoperative cycle length of the induced tachycardia varies from 143 to 188 msec, depending on the size of the dog. The tachycardia cycle length was consistent for each dog, and the rhythm-once induced-was very stable until terminated by pacing. The mechanism of the tachycardia was reentry due to circus movement based on the ability to induce and terminate it by premature impulses or overdrive, the ability to reset the tachycardia by single premature stimuli, the pattern of entrainment during overdrive stimulation, and the ability to terminate the tachycardia by interrupting the conduction pathway. The window of reset determined by the range of coupling intervals of premature stimuli that were able to enter and reset the tachycardia ranged from 56 to 82 msec. There appears to be incomplete recovery of excitability by the end of the excitable gap as evidenced by the fact that even late premature impulses that enter the reentrant circuit conduct more slowly than the tachycardia impulse, and because stimulation of muscarinic receptors that shortens the duration of the action potential and refractoriness also reduces the cycle length of the tachycardia. Epicardial and endocardial activation mapping during tachycardia showed the reentrant pathway does not merely encircle the lesion, particularly over the left atrial epicardium near the intercaval lesion. Rather, the impulse appears to travel around the atrial tissue just above the tricuspid ring, including a portion that travels through the right side of the lower intraatrial septum. Thus, the model involves circus movement around an anatomic barrier through normal tissue that contains no depressed segments. During the circus movement, there is a relatively long excitable gap during which there is incomplete recovery of excitability. This model should be useful for studies of the mechanism of antiarrhythmic drug action and the responses to premature stimulation in this particular subclass of reentrant rhythms, and for comparison with the behavior and responses of other forms of reentry. (Circ Res 58: 495-511, 1986) 
PROGRESS toward developing satisfactory criteria for identifying the mechanisms for arrhythmias and toward explaining the mechanisms of initiation and termination by electrical stimulation and prevention or termination by drugs depends in part on studies of animal models in which the mechanisms for specific arrhythmias are known. For example, even if one restricts consideration to reentrant tachycardia caused by circus movement, the behavior of the arrhythmia and the effects of electrical stimulation and drugs depend on the characteristics of the reentrant circuit. One factor of importance is the nature of the barrier around which the impulse circulates. Another is the duration of the excitable gap. In the leading circle form of reentry (Allessie, 1977) , the excitable gap must be quite short, and full recovery of excitability and responsiveness cannot occur. With circus movement around an inexcitable barrier, the duration of the excitable gap will be a function of path length, conduction velocity, and the duration of the effective refractory period. During the gap, normal excitability and responsiveness may or may not be attained. The nature of, and responses by, the reentrant rhythm also will be influenced by the presence or absence of discrete areas of slower conduction and persistent unidirectional block in the circus path, and by the conditions causing these properties.
The present study was designed to develop and characterize a model of reentrant tachycardia due to circus movement around an inexcitable barrier. We intended that the reentrant impulse propagate in healthy, electrophysiologically uniform tissues that developed fast responses and action potentials of comparable durations, and that the path and cycle lengths would provide an excitable gap. We planned to compare findings for this model with results we have obtained through studies on a canine model 4% (Boyden and Hoffman, 1981) in which an inducible atrial tachycardia resembing flutter results from reentry in the absence of an atrial lesion (Boyden et al., 1983) . We chose to modify a procedure described by Rosenblueth and Garcia-Ramos (1947) . They crushed the tissues of the intercaval bridge in dogs to create a barrier around which the impulse could circulate. They also showed that when they made an additional crush lesion extending toward the right atrial appendage, the cycle length of induced tachycardia was increased. They and others (Kimura, 1954; Lanari et al., 1956; Takayasu et al., 1958; Hayden et al., 1967) obtained evidence that the path traversed by the impulse during induced tachycardia seemed to course around the intercaval lesion and include both right and left atrial myocardium.
We succeeded in developing in chronically instrumented dogs a model of atrial flutter based on the two-lesion method of Rosenblueth and Garcia-Ramos, in which a consistent and persistent reentrant atrial arrhythmia could be induced and terminated at will. We discovered that the path for the circus movement is provided, in large part if not in toto, by the atrial muscle just above the bicuspid ring. During the induced reentrant excitation, a partially excitable gap is present. The arrhythmia satisfies all usual tests for reentrant excitation caused by circus movement around an inexcitable barrier, and the model should be of value in studies on the mode of action of antiarrhythmic drugs. We have also shown how electrocardiographic criteria for diagnosing reentry based on showing fusion during entrainment (Waldo et al., 1983 (Waldo et al., , 1984 can be modified to apply to local bipolar electrograms.
Circulation Research/Vol. 58, No. 4, April 1986 LA FIGURE 1. This diagram of the heart viewed from the right posterior oblique projection shows the location of the Y-shaped lesion used to create the model of inducible atrial tachycardia, and the position of electrodes used in various chronically instrumented animals. The intercaval lesion extended from the superior vena cava to the inferior vena cava, and another connected lesion extended across the right atrium toward the right atrial appendage. Each number indicates the position of a bipolar pair of electrodes. The electrode positions surrounded by solid circles are on the exposed epicardial surface. Positions enclosed by dashed circles are on the opposite epicardial surface toward the aorta. Sites 1, 4, and 6 were used in each of the six experiments. In addition, an electrode was placed either at site 2 or 3 and either site 6 or 7 in each experiment. Two experiments had electrodes in 10 of the 13 positions shown. One of these experiments used all but sites 5, 9, and 32, and the other used all but sites 5, 11, and 13. 
Methods
Experiments were performed on mongrel dogs of either sex weighing 20-32.7 kg. Six dogs were instrumented for chronic studies, and four were used only for acute experiments. Each dog was anesthetized with pentobarbital, 30 mg/kg, iv, intubated, and ventilated with a Harvard respirator. The chest was opened in the 4th right intercostal space, and the pericardium was incised to provide free access to the venae cavae and right atrium. The tissue on a line extending from superior to inferior venae cavae was clamped, incised, and sewn together in two stages. Then another incision, contiguous with the intercaval lesion, was made in the right atrium. This incision ran parallel to the atrioventricular (AV) groove and extended to the base of the right atrial appendage. Sufficiently wide margins of tissue on each side of the incision were held by the clamp to make certain that no atrial muscle bundles bridged the incision. The Y-shaped lesion produced in this manner is shown in Figure 1 .
To prepare the dogs for chronic experiments, we attached close bipolar stimulating and recording electrodes at selected sites on the epicardium. In four dogs, we attached several electrodes before making the intercaval lesion, so that the arrhythmia induced after this incision could be compared with that induced after the Y-shaped lesion had been completed. In two early chronically in-strumented dogs, we attached 10 pairs of electrodes on the right and left atrium to include most sites that earlier studies suggested would be part of the pathway for circus movement (see Fig. 1 ). Subsequently, when we had formed a reasonable estimate of the location of the reentrant circuit, we employed only five bipolar electrodes at sites chosen from the locations 1-6 shown in Figure 1 .
One additional pair of electrodes was implanted subcutaneously, one cephalad, and one caudad to the right thoractomy incision and about 6 inches apart, to record a body surface electrocardiogram. Leads from the electrodes were attached to one or two Teflon buttons, each with 12 contacts, that protruded through the skin between the scapulae. A standard lead II electrocardiogram was recorded intraoperatively. In four dogs, a Tygon catheter was introduced through the azygos vein. The tip was placed at the junction between the superior vena cava and the right atrium. The other end of the catheter was brought out through the skin between the scapulae. During subsequent experiments, the transcutaneous buttons were attached to an external cable connected to stimulation and recording devices, and the catheter was attached to intravenous infusion tubing.
Electrograms were recorded on an Electronics for Medicine model VR-12 recorder and an eight-channel Gould-Brush recorder. Data also were recorded on a Hewlett-Packard tape recorder. Electrograms were filtered at 10 or 30 Hz (high pass) and 200 Hz (low pass). Stimuli were rectangular pulses isolated from ground and controlled by digital rimers and counters.
To measure the moment of activation as indicated by close bipolar electrograms, we used, for predominantly biphasic complexes, the moment when the trace crossed the line of zero potential and for triphasic complexes the peak of the major deflection. The reproducibility of the measurements was ±1.0 msec.
In two dogs, maps of the sequence of activation of the accessible epicardial surfaces of the right and left atrium were made with a close bipolar electrode probe during the arrhythmias induced after only the intercaval incision had been made, and, also, after completion of the Y-shaped lesion. A Tektronix 502 oscilloscope was triggered by an electrogram recorded through a fixed reference electrode pair. A sweep speed of 20 msec/cm was used to measure the relative activation time at each recording site. All measurements used to construct a map of activation sequence were obtained during a single episode of arrhythmia, and we required the activation time at each site to be constant for at least four beats.
Two dogs were anesthetized and prepared in the usual manner and used only for acute experiments. In addition, two dogs were studied during total cardiopulmonary bypass to construct endocardial activation maps. Venous return was collected by catheters placed in the superior and inferior venae cavae about 5 cm above and below their entry into the right atrium, respectively. The blood was oxygenated and heated and returned to an arterial infusion line placed in the right carotid artery. The same incisions were made in the right atrium, but the atrium was left open for access to the endocardial surface. Efflux from the coronary sinus was collected with a suction catheter. Activation maps were recorded by sequentially measuring activation times at different points during sustained tachycardia with respect to a fixed reference electrode. A hand-held roving probe with a bipolar electrode as its tip was used for these maps.
Two patterns of stimulation were used to initiate the atrial arrhythmias, both intraoperatively and postoperatively. In one, the atria were paced through a selected pair of electrodes at cycle lengths between 110 and 200 msec. The duration of the rapid pacing at any cycle length varied from 2 to 20 seconds. If pacing at a slower rate failed to induce the arrhythmia, the rate was increased progressively until the arrhythmia supervened. Since we were not prepared to record and study the spread of excitation during the induction of arrhythmia, systematic evaluation of each rate was not attempted. Alternatively, the atria were paced at a cycle length of 200 msec, and single premature stimuli were introduced progressively earlier during diastole in every 8-12th cycle until the arrhythmia was initiated. Induction was more likely by stimuli applied near the end of the effective refractory period than by stimuli applied later in the cycle. We did not systematically compare induction by stimuli applied through different electrode pairs, and usually selected the stimulus site on the basis of ease of induction of the arrhythmia.
Results
Experiments were performed on a total of 10 dogs. Six dogs were chronically instrumented for serial studies of the tachycardia in the awake state. Four dogs used for activation sequence mapping were studied only acutely while anesthetized.
Effects of the Extent of the Lesion on the Cycle Length and Persistence of the Tachycardia
In four experiments (Table 1) , after only the intercaval lesion had been completed, we used rapid pacing to induce a regular rapid atrial arrhythmia. Two of these four were used only for acute studies and two were instrumented for later serial studies in the awake state. In each case we obtained a tachycardia with a cycle length of 110-126 msec. However, the arrhythmia was always transient and stopped in each trial after 3-12 minutes. In all animals, after the Y-shaped lesion had been completed, rapid pacing once again initiated a rapid regular tachycardia. Now, however, the cycle length was 6-31 msec longer than before, and the arrhythmia was much more persistent.
Characteristics of the Tachycardia in Chronically Instrumented Dogs
Five of the six dogs that were instrumented and had the Y-shaped lesion produced under sterile conditions survived the postoperative period. The other dog died on the 2nd postoperative day because of thrombosis of the superior vena cava. The five surviving dogs remained healthy and were studied over periods of time that ranged from 27 to 193 days for different dogs (Table 2) . Programmed stimulation successfully induced a rapid regular sustained tachycardia on 35 of 37 different days in these five dogs.
The cycle length of the induced tachycardia was constant from beat to beat. When a standard lead-2 electrocardiogram was recorded, atrial activity produced a number of different waveforms. During counterclockwise circulation of the impulse (see below), we often recorded a continuously varying sawtoothed pattern with no isoelectric segments that is characteristic of atrial flutter (Fig. 2) . During clockwise circulation, this pattern was less clear. In some dogs, the ECG showed a pattern of P-waves unlike classical human flutter, as may be the case for the human ECG (Waldo and MacLean, 1980) . For a given dog, when the tachycardia was induced multiple times on the same day, or on consecutive days, the cycle length for different runs of tachycardia did not vary by more than 5 msec. The cycle length of the induced tachycardia recorded intraoperatively after the Y-shaped lesion had been created ranged from 143 to 152 msec in the chronically instrumented dogs ( Table 2 ). The postoperative cycle length of induced tachycardia was approximately 20 msec greater than the intraoperarive value. Thereafter, the value decreased slightly with time or remained unchanged. A correlation between the weight of the dog and the cycle length of induced tachycardia is shown in Figure 3 . We did not measure the circumference of the tricuspid ring in these experiments, but include the data to indicate that, as expected, there is a correlation between the size of the heart and the cycle length of the tachycardia. This relationship would not be expected of automatic or triggered rhythms, but seems appropriate for circus movement around an inexcitable obstacle the dimensions of which vary with heart size. In our experiments (Wu and Hoffman, unpublished observations), we have found that apparent conduction velocity during the tachycardia also varies with the circumference of the tricuspid ring. Thus, for three dogs in which the tricuspid ring was small (10.2, 10.2, and 12 cm), apparent conduction velocity was 0.68, 0.66, and 0.63 m/sec, whereas, in three dogs with quite large rings (16.5, 17.2, and 18.5 cm), apparent conduction velocity during the tachycardia was 1.18, 1.1, and 1.23 m/sec. These latter findings also suggest, as would be expected, that in quite large dogs excitability probably recovers fully before each new impulse is generated. In dog number 1, the 2 days on which programmed stimulation failed to result in sustained tachycardia were the 14th and 15th postoperative days. On these days, programmed stimulation resulted only in nonsustained runs of tachycardia lasting 10-20 seconds with cycle lengths ranging from 196-225 msec. A stable sustained atrial tachycardia was easily induced both before and after these days in this dog.
Tachycardia could be induced either by rapid pacing or by single premature stimuli. Rapid pacing alone at cycle lengths between 100 msec and the cycle length of the induced tachycardia induced tachycardia in every animal. Occasionally, pacing at cycle lengths longer than that of the induced tachycardia, up to 180 msec, was also effective in inducing tachycardia. An example of the induction of the tachycardia by 5 beats of rapid pacing is shown in Figure 4A . Single premature stimuli delivered during 20 22 24 26 28 30 32 DOG WEIGHT,kg atrial pacing at a cycle length of 200 msec were employed in three of the five chronically instrumented dogs and two of the acute experiments to induce the tachycardia. The technique was successful in each animal. We did not explore in detail the initiation of arrhythmia by premature impulses, but the following observations were consistent. Premature impulses timed to fall near the end of the effective refractory period were more likely to start flutter than impulses ocurring later in the cycle. Initiation of arrhythmia by premature impulses was successful more often if the paced cycle length was short rather than long. We were consistently able to induce the arrhythmia by premature impulses at cycle lengths of 300, 250, and 200 msec, and on some occasions at a cycle length of 400 msec. Longer cycle lengths were not attempted because variations in sinus rate frequently resulted in escape from pacing. The ease with which we could initiate an arrhythmia by premature impulses was not equal for all electrode sites: sites with the longest effective refractory period were least effective. We did not find a consistent relationship between the apparent proximity of the electrode site to the path for circus movement and the ease with which an arrhythmia might be initiated from that site. An example of 499 induction of arrhythmia by a premature impulse is shown in Figure 5 .
We did not examine in each dog the ease of induction of tachycardia by stimulation through each pair of electodes. When this was done, we found that either rapid pacing or premature impulses during pacing at a cycle length of 200 msec could induce the same tachycardia, regardless of the pacing site. Among dogs, there was considerable variability in susceptibility to tachycardia. For example, in some dogs, repeated trials of rapid pacing or premature stimulation were required, while, in others, the first burst of rapid pacing was successful in most instances.
Bouts of tachycardia that lasted more than 30 seconds rarely terminated spontaneously, even when observed for several house. On one occasion, a dog was left in tachycardia overnight and the rhythm was still present the next morning. The tachycardia could be easily terminated by rapid pacing (see Fig. 4b ) or properly timed extra stimuli.
The Excitable Gap
The degree of recovery of the reentrant pathway from refractoriness after each beat of the tachycardia was evaluated by noting the response to single premature stimuli delivered at various times during the tachycardia cycle and by observing changes in the cycle length of the tachycardia during vagal stimulation or infusion of methacholine.
The duration of the period during which single premature stimuli advanced the next beat of tachycardia defined the window of reset. The duration of the window of reset was measured in four of the five chronically instrumented dogs, and ranged from 56 to 82 msec (see Table 2 ). Figure 6 shows the effect of single premature stimuli delivered at three different coupling intervals at site 7 (see Fig. 1 ) during a single episode of tachycardia. Note that the latest premature stimulus, shown in Figure 6A , advances the next electrogram at site 1 by only 10 msec. However, the next cycle length at that site is longer than the tachycardia cycle length. This suggests that the premature impulse propagated more slowly than the reentrant impulses of the tachycardia. Since the premature impulse elicited electrograms similar in shape and sequence to those of the tachycardia, propagation over a different path is a less likely cause of the increased cycle length. The slow propagation over the same path indicates that Circulation Research/Vol. 58, No. 4, April 1986 at the time of the premature impulse, the path had recovered less fully from prior activity than for impulses of the tachycardia. Since the premature impulse arrived at this site only 10 msec in advance of the expected reentrant impulse, it seems probable that recovery of excitability in the reentrant path was incomplete for impulses of the tachycardia. Impulses caused by earlier premature stimuli (Fig.  6 , B and C) reset the tachycardia to a greater extent and also conducted even more slowly so that the next cycle length was increased progressively. This presumably occurred because the premature impulse entered the reentrant path earlier during the relative refractory period or period of reduced responsiveness. We noted, as expected, that the duration of the window of reset differed among stimulus sites in relation to the duration of the effective refractory period at each site and also, perhaps, the presumed distance of the test site from the path for circus movement. For example, in one dog we determined the duration of the window of reset during flutter at a cycle length of 156 msec. At sites 1, 2, 3, 4, and 6 (see Fig. 1 ), the earliest effective stimuli were those applied 75, 90, 77, 110, and 67 msec after prior activity at that site. We then terminated the flutter and measured the duration of the effective refractory period during pacing at a cycle length of 200 msec. For the five sites, the ERP measured 80, 110, 105, 125, and 115 msec. Measurements of this sort were not made routinely in all dogs, because the induction of premature impulses early in the window of reset typically terminated the arrhythmia. Also (see Table 2 ), the duration of the window was related to the cycle length of the arrhythmia.
To evaluate the degree of refractoriness at the end of the excitable gap, we also used muscarinic activation either by vagal stimulation (in one acute experiment) or infusion of methacholine (0.15-0.5 mg), and observed the effect on the tachycardia cycle length. We assumed that if the reentrant impulse was traveling in incompletely recovered tissue, a decrease in action potential duration should result in a decrease in cycle length (Allessie, 1977) . Gradually increasing the intensity of vagal stimulation or increasing doses of methacholine resulted in progressive shortening of the cycle length up to a maximum of 8-15 msec.
Activation Sequence
Certain information about the activation sequence during the tachycardia was obtained from the relative activation times at the five or more bipolar electrodes sutured to the arrial epicardium at the sites shown in Figure 1 . In each dog during an episode of tachycardia, we observed one or the other of two activation sequences. Both activation sequences were seen in each animal, and the cycle lengths of the tachycardias were the same for each sequence. In one sequence, activation at electrodes at sites 1, 4, and 6 (which were present in all five chronically instrumented dogs) occurred in ascending numerical order (clockwise activation sequence), and in the other sequence activation occurred in descending (counterclockwise) order. In each animal, the interval between activation at each of these adjacent sites was similar for both sequences of activation. During sustained tachycardia, rapid pacing from the right atrium sometimes switched the activation sequence from one pattern to the other. An example of this is shown in Figure 7 . The riming of activation at electrodes located at 501 sites 7, 9, and 10 suggested that this portion of the left atrial epicardium was not involved in the reentrant pathway. For instance, during the counterclockwise activation sequence in Figure 7 , when activation proceeded from site 6 to 4 to 3, activation at site 7 occurs after site 6 already had been activated.
To identify better the location of the reentrant pathway, we mapped epicardial activation sequences during the tachycardia in two anesthetized dogs with a roving probe electrode (see Fig. 8 ). In one dog, tachycardia was induced, and activation maps recorded intraoperatively, both after only the intercaval lesion and also after the full Y-shaped lesion. In this animal, extending the lesion increased the cycle length from 110 to 116-118 msec. For each state, the cycle lengths of the clockwise and counterclockwise rhythms were the same. Figure 8A shows a counterclockwise tachycardia after only the intercaval lesion. The impulse spreads from the lower right atrium near the inferior vena cava both cephalad toward the sinus node and laterally around the tricuspid ring. Figure 8B shows the activation sequence of a clockwise tachycardia from the same dog but after the full Y-shaped lesion had been created. Note that, in both maps, activation times at widely separate points on the left atrium near the intercaval lesion are within an interval of 5 or 6 msec. These differences in activation time are too small to result 0 RA FIGURE 8. Maps of epicardial activation sequence during tachycardia. Panel A shows the activation times during a counterclockwise activation pattern following only the intercaval lesion Numbers not enclosed in the rectangles represent activation times on the exposed epicardial surface. Numbers surrounded by rectangles indicate epicardial activation times on the opposite epicardial surface of the atnum toward the aorta. Panel B shozvs a clockwise activation sequence during tachycardia m the same dog after a full Y-shaped incision had been created. This increased the cycle length of the tachycardia from 110 msec to 116-118 msec. Also shown are the sites of the three ligatures identified by A, B, and C referred to m the text. Panel C shows a diagram of a transverse section through the right atnal free wall to illustrate the amount of tissue enclosed by each of three ligatures. RA •= right atrial free wall; TV = tricuspid valve leaflet; VM = ventricular muscle; 1 = transverse incision. The coarsely stippled area is fat surrounding the right coronary artery in the AV nng.
from an impulse spreading along the epicardial surface parallel to the lesion. Furthermore, in Figure  8B , a portion of the right atrium near the aortic root was activated at the same time as the left atrial sites so the left atrial sites could not be part of the reentrant circuit. This map suggests that the reentrant impulse must travel through the intraatrial septum.
That tissues in the intraatrial septum constituted part of the reentrant circuit was shown by mapping the endocardial activation sequence in two dogs during total cardiopulmonary bypass. The right atrium was opened through the standard Y-shaped incision, and the margins of the incision were retracted to expose the endocardium. A roving probe was used to time activation at each site relative to activation at a fixed reference electrode. Figure 9 shows activation times at multiple sites on the right atrial endocardium during tachycardias with each of the two activation sequences in one experiment. Each map shows activation times recorded during a single episode of tachycardia. Figure 9A shows an example of a clockwise activation sequence. Note that activation times in the atrial tissue around the tricuspid ring span the tachycardia cycle. It can also be seen that tissues along the posterior portion of the intraatrial septum between the inferior and superior vena cavae are activated by the spread of an impulse upward from the region of the coronary sinus through the limbus of the fossa ovalis. This impulse, after spreading superiorly and posteriorly toward the epicardial surface of the free wall, divides to spread upward toward the superior vena cava and downward toward the inferior vena cava. Figure 9B shows a counterclockwise activation sequence. Again activation times in the atrial tissue around the tricuspid ring appear to span the tachycardia cycle. Again in this activation sequence, the wavefront of activation speads upward and posteriorly in the intraatrial septum from the tricuspid Circulation Research/Vol. 58, No. 4, April 1986 ring through the limbus of the fossa ovalis. It was difficult to complete activation maps during a single episode of tachycardia because even light contact with endocardium by the probe on right atrial tissue in the region of the ostium of coronary sinus frequently terminated the tachycardia. This did not result from induction of a premature impulse. This observation lends further support to the concept that the region forms a necessary portion of the reentrant path because it is the only path for impulse propagation in this part of the circus path. Both maps suggest that the reentrant impulse travels in atrial tissue just above the tricuspid ring, and that part of the pathway involves the base of the intraatrial septum.
The maps suggest that the entire path of the leading edge of the reentrant impulse is around the tricuspid ring, but the evidence is not conclusive for the region at the base of the right atrial appendage. For instance, in Figure 9B , the impulse spreading around the lower edge of the right atrial free wall appears to divide and travel around both sides of the right atrial appendage. One impulse continues around the tricuspid ring at the base of the right atrial appendage, and the other impulse turns around the lateral edge of the right atrial incision and progresses superiorly toward the region of the sinoatrial node and then caudally down the aortic surface of the right atrium toward the root of the aorta. Since it is not clear which of these two impulses arrives at the region of the AV node first, one cannot be certain which of these two impulses represents the pathway of the leading edge of reentrant excitation.
Termination of the Tachycardia by Interruption of the Pathway
Confirmation that reentry due to circus movement is the mechanism of the tachycardia can be obtained by showing that interruption of the pathway termi-
B FIGURE 9. Endocardial activation times recorded in the right atrium during tachycardia on total cardiopulmonary bypass. Panel A shows a clockwise activation sequence. Panel B shows a counterclockwise activation sequence.
nates the tachycardia. Tissue was squeezed by successively tightening each of the three ligatures that encircled parts of the lower right atrium as shown in Figure 8 , B and C. Ligature A encircled right atrial free-wall tissue from the transverse incision caudally to the superior edge of the coronary fat pad in the AV groove. Tightening this ligature very firmly several times did not affect the tachycardia. Ligature B extended from the caudal end of ligature A through the tricuspid valve leaflet and out through the right ventricular free wall. It therefore included the atrial tissue just above the tricuspid ring. Tissue encompassed by ligatures A and B were mutually exclusive. Gentle tightening of ligature B initially increased the tachycardia cycle length by 10-15 msec and then terminated the tachycardia; this occurred in the absence of any premature impulses. After this light tension was released, a stable tachycardia could be reinduced. Subsequent tightening of ligature C that encompassed all the tissue encircled by either liga-ture A or B also terminated the tachycardia. The position of these ligatures was confirmed after the animal had been killed. Thus, interruption of the circular sequence of activation around the tricuspid ring interrupted the tachycardia.
Entrainment and Termination of Tachycardia by Overdrive Pacing
Figures 10 and 11 illustrate features of overdrive pacing during the tachycardia that suggest that reentry is the mechanism for the arrhythmia (Waldo et al., 1983 (Waldo et al., , 1984 , and, more importantly, show how the paced impulses interact with the impulses of the arrhythmia. Figure 10 demonstrates examples of entrainment with resumption of tachycardia, and Figure 11 shows that loss of entrainment during pacing results in termination of the tachycardia.
Entrainment implies that the mechanism of the tachycardia is not abolished by overdrive pacing / but that the rate of impulses in the circus path is In each case, this stimulus was delivered at site 4 C). Panels B and D diagram the activation patterns and sites of collision of the orthodromic and antidromic impulses (open arrows) for these two pacing cycle lengths, respectively. In panels A and B, sites 2, 7, 6, and 5 were all activated by the orthodromic impulse before it collided with the antidromic impulse. In panels C and D at the faster pacing cycle length, site 5 was activated by the antidromic impulse. Sites Z 1, and 6 were still activated by the orthodromic impulse, but the next stimulus had been delivered before this impulse reached site 6. As a result, two electrograms recorded after the last stimulus were entrained to the paced cycle length of 110 msec. At this rapid cycle length, a collision between the antidromic impulse from the most recent stimulus and the orthodromic impulse from the preceding stimulus must occur between sites 5 and 6 during overdrive pacing. The right sides of panels A and C demonstrate resumption of the tachycardia after overdrive pacing. The unblocked orthodromic impulse continued to propagate around the reentrant circuit. 7 tsHm.l.$i FIGURE 11. Interruption of entrainment and termination of tachycardia by rapid overdrive pacing. Panels A and B show two episodes of overdrive pacing at a cycle length of 110 msec. Electrograms recorded from sites 1, 4, and 6 are shown. The stimulus was delivered at site 5 (indicated by *). In panel A, overdrive pacing resulted in entrainment of tachycardia with resumption of the tachycardia sequence when the pacing was stopped. In panel B, entrainment was interrupted after stimulus 3 7 because the orthodromic impulse was blocked near its site of origin. This is diagrammed in panel C As a result, A^ did not collide with On-Instead, it continued to propagate until it collided with its own orthodromic impulse Oi». From this point on, the tachycardia could not have resumed after cessation of pacing because the antidromic and orthodromic impulses from each stimulus collided with each other so that the last orthodromic impulse could not reinitiate reentrant excitation. accelerated to the pacing rate. During entrainment of a reentrant rhythm, the impulse elicited by the stimulus enters and travels in both directions around the reentrant pathway. For this discussion, the N th stimulus will be labeled S N -This impulse originating from S N that enters the reentrant circuit and travels in the same direction as the reentrant impulse during the tachycardia is called the orthodromic impulse (ON), and the impulse from S N that enters the circuit and travels in the opposite direction is called the antidromic impulse (A N ). In terms of this model, since these impulses travel in opposite directions Circulation Research/Vol. 58, No. 4, April 1986 around the reentrant circuit, each antidromic impulse must collide with and block an orthodromic impulse. However, during entrainment of a reentrant rhythm, the antidromic impulse of the first paced beat that enters the reentrant circuit (A,) collides with and blocks the preexisting reentrant impulse, but Oi reinitiates the sequence of reentrant excitation. Resumption of the tachycardia following overdrive pacing requires preservation of this pattern of entrainment in which, after each stimulus, the antidromic impulse (A N ) collides with a preexisting orthodromic impulse (O N -i) while O N reinitiates the sequence of reentrant excitation. If this pattern continues throughout the period of pacing, then the last orthodromic impulse will not be blocked, and will be able to continue to circulate around the reentrant pathway. On the other hand, if this sequence is interrupted anytime during pacing so that the antidromic impulse (A N ) collides with the orthodromic impulse from the same stimulus (O N ), then the tachycardia will not resume after pacing because the last orthodromic impulse will be blocked. Figure 10 demonstrates three features that are important for confirming that the mechanism of the tachycardia is reentrant excitation due to circus movement. The first is that the sequence of activation by the orthodromic impulse during pacing is the same as by the reentrant impulse during spontaneous tachycardia. The right side of Figure 10 , A and C, shows that the sequence of activation during the tachycardia after pacing follows descending numerical order from sites 6 to 5 to 2 to 1 and then again to 6. The cycle length, sequence of activation, and electrogram configuration during tachycardia before overdrive pacing (not shown) were the same in each case. The sequence and configuration of electrograms at sites 2, 1,6, and 5 are similar during overdrive pacing. The biggest difference is that the time between activation at sites 5 and 2 is reduced during pacing because another stimulus delivered between these sites initiates a new orthodromic impulse that advances the sequence of activation as recorded first at site 2.
The second important feature of Figure 10 is that, during entrainment, the orthodromic impulse continued to propagate after the time of application of next stimulus. For instance, in Figure IOC , O N -2 activated tissue near site 6 after application of S N -i and at the same time that O N -i and A N _i were activating tissue at sites 2 and 5, respectively.
The validity of this interpretation requires proof that the electrogram complex at site 6 labeled ON-2 in fact was produced by an impulse that originated from S N -2 rather than S N -i-Two tests confirm the origin of these electrograms. The first is to use the activation delay between the stimulus and local electrogram during pacing at long cycle lengths to determine which stimulus is related to the local electrogram at short cycle lengths. In Figure 10A , the S N -i to O N -i interval at site 6 is about 100 msec. In Figure IOC at site 6, there is a similar interval between S N _ 2 and the complex labeled O N -2, whereas the S N -i to O N -2 interval is less than 10 msec. Thus, O N -2 is related to S N -2 even though it occurs after SN-I-The second method for confirming the correct identification of electrograms is by examining their relationship to the last stimulus at the end of pacing. In Figure IOC at site 6, two electrogram complexes with coupling intervals that match the pacing cycle length are seen after the last stimulus. Since these two electrograms have this coupling interval only because they are entrained by the pacing stimulus, the second one, labeled Os, must have originated from the last stimulus S N . Therefore the electrogram labelled O N -i must be correctly attributed to S N -i even though it occurs after SN-An even more dramatic example of two electrograms entrained to the pacing cycle length after the last stimulus is seen in Figure 11A at site 6.
The third important feature illustrated in Figure  10 is that the degree of penetration by the antidromic impulse increases and the site of collison between the antidromic and orthodromic impulses changes as the cycle length of overdrive pacing is decreased. At the longer pacing cycle length (Fig. 10A) , each orthodromic impulse sequentially activates sites 2, 1, 6, and 5 before the next stimulus occurs. This is shown schematically in Figure 10B . At the shorter pacing cycle length (Fig. 10, C and D) , the orthodromic impulse follows the same sequence except that tissue at site 5 is activated earlier than expected, suggesting that the antidromic impulse reached this site first. These observations indicate that the collision between antidromic and orthodromic impulses occurred between the stimulus and site 5 in Figure  10A and between sites 5 and 6 at the shorter pacing cycle length in Figure IOC . This pattern is more consistent with a collision between O N -i and A N than between ON and A N , because the relative timing of O N -i and A N should vary as the pacing cycle length is changed.
These three features of figure 10 described above indicate that, during entrainment of the tachycardia, the orthodromic impulse causes the same sequence of activation over part of the pathway as the reentrant impulse during the tachycardia, and that this orthodromic impulse continues to propagate even after the next stimulus. Taken together, these features suggest first, that there is a pathway in which propagation is slow enough to allow reentrant excitation, and second, that the pattern of collision between A N and O N -i that is necessary for resumption of a reentrant tachycardia after the end of pacing is present.
However, to prove conclusively from the response to overdrive pacing that reentry is the mechanism of the spontaneous tachyardia, it is also necessary to show that failure of the tachycardia to resume 505 after pacing is due to a disruption of the pattern of entrainment that prevents the last orthodromic impulse from reinitiating reentrant excitation, as shown in Figure 11 . Figure 11 , A and B, shows two examples of overdrive pacing at a cycle length of 100 msec during the same tachycardia recorded in Figure  10 . However, in this case, the pacing stimulus is delivered at site 5, and only electrograms from sites 2, 4, and 6 are recorded. In Figure 11 A, a period of entrainment during overdrive pacing is followed by resumption of the tachycardia. In Figure 11B , the pattern of entrainment (ON-I colliding with AN) continues until the 17th stimulus. Then, O ]7 apparently is blocked close to the site of stimulation and does not reach either site 4 or site 2. Propagation of O17 presumbaly fails, not because of a collision with an antidromic impulse, but rather because it encounters residual refractoriness left by a previous orthodromic impulse Oj 6 as diagrammed in Figure  11C . Becuase of this event, A 18 does not collide with O17, but continues to propagate until it encounters Oie (see Fig. 11D ). Site 6 is never activated by O ]7 but is activated by A 18 earlier than it would have been if Oi 8 had reached this site. Thus, for this beat and each subsequent beat, the orthodromic and antidromic impulses for the same stimulus (O N and A N ) collide with each other. When this pattern of collision becomes established during pacing, a tachycardia due to reentry cannot resume at the end of pacing because the last orthodromic impulse will be blocked by the last antidromic impulse. This strongly suggests that reentrant excitation by the last orthodromic impulse is the mechanism for resumption of the tachycardia after pacing and therefore that reentrant excitation over this pathway is the mechanism for this tachycardia.
Discussion
We have characterized and described a model of rapid regular, inducible atrial tachycardia resembling atrial flutter that should prove useful for study of both the mechanism of induction and termination of reentrant rhythms by pacing and the mechanisms of action of antiarrhythmic drugs. The model is easy to create as it requires only two simple incisions. The tachycardia is stable and highly reproducible in chronically instrumented dogs that can be studied serially under many conditions over a long period of time. This tachycardia is due to circus movement, and evidence discussed subsequently strongly supports the conclusion that the reentrant pathway is localized for the most part, if not in toto, to the atrial tissue around the bicuspid ring. During the tachyarrhythmia, cells in the reentrant path have an excitable gap that lasts more than 50 msec, but there is not complete recovery of excitability even at the end of the excitable gap.
The conclusion that the tachycardia is due to reentry is based on a number of observations. The arrhythmia is consistently induced and terminated either by rapid pacing at a suitably short cycle length or by properly timed premature stimulation. When multiple electrograms were recorded simultaneously from sites judged to be in proximity to the path for circus movement, the sequences of activation at these sites spanned the tachycardia cycle, and the sequence could be reversed without significant changes in the cycle length of the arrhythmia. During the arrhythmia, properly timed premature impulses caused reset of the rhythm, and overdrive pacing over a range of cycle lengths resulted in entrainment. However, overdrive at a critically short cycle length caused disruption of the conduction pattern of entrainment and resulted in termination of the tachycardia. The cycle length of the arrhythmia was a function of the weight of the dog and, thus, of the circumference of the tricuspid ring. In other studies (Page et al., unpublished observations), we have shown that the atrial muscle fibers above the tricuspid ring are oriented in a circumferential direction and can sustain reentry due to circus movement in vitro. Finally, and most important, pressure on tissue thought to include part of the reentrant path resulted in slowing and termination of the arrhythmia.
We used the window of reset by variably timed single extra stimuli delivered through electrodes near the reentrant path to define the duration of the excitable gap. The window of reset ranged from 56 to 82 msec and represented 35-45% of the tachycardia cycle length. Since the timed extra stimuli were delivered at a point outside the pathway of the leading edge of the reentrant wave, the window of reset almost certainly underestimates the true duration of the excitable gap by as much as twice the conduction time from the stimulus site to the closest point on the reentrant path.
In spite of the long duration of the excitable gap, conduction of premature impulses occurring at the end of the window of reset was slowed. This suggests that there was incomplete recovery of excitability. That recovery of excitability is incomplete at the end of the excitable gap also is suggested by the finding that a muscarinic agonist or vagal stimulation shortens the cycle length of the tachycardia (Allessie et al., 1977) . This effect is assumed to result from the ability of muscarinic agonists to shorten atrial action potentials and refractoriness, and thus speed conduction of the impulse as it travels through less refractory tissue. Interaction of acetylcholine with muscarinic receptors in atrium increases potassium conductance, and this has a number of effects important to impulse propagation: resting potential increases, membrane resistance decreases, and repolarization is accelerated. The direct effect of the increase in resting potential is to slow conduction as more current is needed to bring membrane potential to threshold. The decrease in membrane resistance also will slow conduction (Dominguez and Fozzard, Circulation Research/Vol. 58, No. 4, April 1986 1970; Walton and Fozzard, 1983) . The speeding of repolarization will speed conduction if the impulse is propagating in sufficiently refractory tissue, because in such tissue the depolarizing current is attenuated, outward current is enhanced, and the threshold potential is shifted positive. One change might be expected to speed conduction, i.e., the hyperpolarization might remove inactivation of some fast channels. Whether this would counterbalance the other effects of acetylcholine depends on quantitative considerations. If the tissues initially were depolarized, a significant increase in resting potential due to acetylcholine most likely would augment inward current and speed propagation. Indeed, this is the effect we favor, with the increase in resting potential resulting from more rapid repolarization of not yet fully repolarized tissues. In normally polarized tissues, acetylcholine does not necessarily speed conduction (Hoffman and Suckling, 1953) , and in some parts of the atrium, it significantly decreases the amplitude of the action potential (Paes de Carvalho et al., 1969) . The tissues of the tricuspid ring may be partially depolarized by K + accumulation in interfiber spaces, and because of the rapid rhythm, intracellular [Na + ] may be higher than normal. The effects of K + accumulation on conduction velocity cannot be estimated as an increase in [K + ]o can either speed or slow conduction (Dominguez and Fozzard, 1970) . Regardless of the initial condition, acetylcholine will augment K + efflux and K + accumulation. If [Na + ], is elevated, it seems likely that any hyperpolarization may increase this elevation through a direct effect of the resting potential, and also, because of reduced inactivation of fast channels, by increasing Na + influx during each action potential upstroke.
Incomplete recovery of excitability at the end of the excitable gap is an important characteristic of this tachycardia and implies that factors that influence the duration of refractoriness, such as antiarrhythmic drugs or changes in autonomic tone, can influence the conduction velocity of the reentrant impulse and, therefore, the cycle length of tachycardia. In contrast, the cycle length of a reentrant tachycardia around an anatomic barrier would not be changed by a decrease in duration of refractoriness if recovery of excitability were complete before the end of the gap. Our model also suggests that a long excitable gap does not preclude incomplete recovery of excitability. During the tachycardia, full recovery of excitability and conduction velocity required more than 50 msec. The time-dependent recovery of excitability would probably last even longer in tachycardias dependent on conduction of slow response action potentials.
We were surprised by the pathway for circus movement of the reentrant impulse indicated by our epicardial and endocardial maps. Our initial hypothesis, based on our extrapolation from the conclusions of previous studies that will be discussed below, was that after creation of the Y-shaped lesion, the reentrant impulse would follow pathway 1 as diagrammed in Figure 12A . Instead, we found that part or all of the path for the reentrant impulse is provided by atrial tissue just above the tricuspid ring, as diagrammed in Figure 12B (pathways 2 and 3) . The reentrant impulse travels around the tricuspid ring in part through the lower portion of the intraatrial septum. Sites near the left side of the intercaval lesion, such as those on the posterior wall of the left atrium, appear to be activated by posterior and caphalad spread of a secondary wave front moving away from the tricuspid ring through the region of the limbus of the fossa ovalis. We have shown from the progression of activation times over the posterior wall of the left atrium toward the superior vena cava that these tissues do not constitute part of the pathway of the reentrant impulse.
Our endocardial activation maps suggest that the reentrant impulse divides to travel simultaneously around both sides of the right atrial appendage, as indicated by pathways 2 and 3 in Figure 12B . One impulse (pathway 2) travels around the rim of tissue just above the tricuspid ring. The other impulse travels over the superior aspect of the right atrium near the sinoatrial node and over the free wall of the right atrium near the right lateral end of the Yshaped incision (pathway 3). If an impulse traveling along one of these two pathways arrives at the point where they reunite ahead of an impulse traveling along the other pathway, then the former pathway would represent the primary path of the reentrant impulse and would govern the cycle length of the tachycardia. Our endocardial maps did not allow us to resolve whether one or the other of these pathways represents the primary reentrant circuit. The maps of activation sequence are important because they suggest that the circumference of a natural obstacle, the tricuspid orifice, is long enough to support sustained reentrant excitation if conduction in the remainder of the atrium permits it.
Knowledge of the location of the reentrant pathway in the present model may have implications for the location of the reentrant circuit in inducible atrial flutter following only an intercaval crush lesion, and perhaps also for naturally occurring atrial flutter as well. Lewis first proposed the circus movement hypothesis for the mechanism of atrial flutter based on studies of the activation sequence of electrically induced atrial flutter in several dogs in which atrial flutter lasted long enough to map activation times at different sites (Lewis et al., 1920) . They concluded that atrial flutter usually was due to a reentrant impulse traveling around an obstacle made up of one or both venae cavae, although one animal had an activation sequence during flutter that was more consistent with reentry around the mitral valve orifice. Based on these observations, Rosenblueth and Garcia-Ramos (1947) described a stable, inducible tachycardia in dogs following a crush lesion of the muscular bridge between the superior and inferior venae cavae. The cycle length resembled that of a brief episode of atrial flutter occasionally induced by stimulation in dogs without the crush lesion. This model has subsequently been employed by many investigators studying atrial flutter due to circus movement (Brown, 1952; Kimura et al., 1954; Lanari et al., 1956; Takayasu et al., 1958; Hayden et al., 1967) . The location of the reentrant pathway assumed by each of these investigators is shown as pathway 4 in Figure 12C . The Rosenblueth and Garcia-Ramos study presented good evidence that a portion of the pathway extended along the sulcus terminalis at the caval junction with the right atrial free wall, by showing that extending the lesion across this region (producing a Y-shaped lesion similar to the one we used) increased the cycle length of the induced tachycardia. Furthermore, in other experiments, when they made an incision extending from the intercaval lesion across the sulcus terminalis all the way to the AV ring, the tachycardia stopped and could not be reinitiated.
However, the portion of the presumed pathway over the posterior wall of the left atrium has not been proven by similar experiments. Kimura et al. (1954 ), Takaysau et al. (1958 ), and Hayden et al. (1967 demonstrated progressive delay of activation times over the left atrial epicardial surface, but that finding does not prove that this activation sequence represents impulse propagation in a portion of the reentrant circuit. Furthermore, these investigators all observed an apparent conduction velocity across the left atrial free wall nearly three times faster than over the right atrial free wall. We know of no structural basis for rapid conduction in this region. Our epicardial activation maps during tachycardia initiated after only an intercaval lesion demonstrated at widely separated points along the left atrial epicardium near the lesion differences in activation time was too small to be due to sequential propagation over this surface (Fig. 8A) . We therefore believe that, during tachycardia following the intercaval lesion alone, the posterior left atrial wall is not part of the reentrant pathway. If this is true, then the reentrant impulse must travel through the intraatrial septum. We believe that sites on the posterior wall of the left atrium are activated by secondary spread away from the tricuspid ring through the intraatrial septum, just as during the tachycardia following the full Y-shaped lesion. Although we did not map the activation sequence through the lower intraatrial septum following only the intercaval lesion, this portion of pathway 4 is identical to the similar portions of pathways 2 and 3 that we did verify after making the Y-shaped lesion. We did confirm that part of pathway 4 is located on the right atrial free wall, by showing that the tachycardia cycle length was consistently increased when the intercaval lesion was extended across the right atrial free wall into the full Y-shaped lesion.
Role of the Y-Shaped Lesion
It is important to consider how the lesion we have used makes the atria susceptible to sustained tachycardia due to circus movement around the tricuspid ring. It is generally true that when the path for circus movement contains an excitable gap, the circulation of the impulse can be interrupted by a suitably timed impulse originating outside the circus path and entering the path during the excitable gap. We have provided examples of this for our model. Since circus movement of the type we have induced is susceptible to termination by impulses originating outside the circus path, the rhythm is more likely to be sustained if the circus path is protected from such interruption by nonconducting barriers. We judge that the lesion we employ provides such protection. Thus, a wave of excitation spreading from the circus path into the atrium, perhaps over the anterior internodal path (James, 1963; Waldo et al., 1970 Waldo et al., ,1971 Waldo et al., , 1975 Pastalin et al., 1978) , cannot spread rapidly to the posterior path and then return to preexcite part of the tricuspid ring. Obviously, we do not know all possible paths for interrupting impulses that may be blocked by our lesion. Obviously, other lesions or combinations of lesions might have the same effect as the Y-shaped lesion we employ. However, these possibilities are not our concern.
It also may be of some interest to consider the role of the lesion in relation to the initiation of the arrhythmia. The circus movement can be initiated by rapid pacing or premature stimulation through any electrode pair around the tricuspid ring or Circulation Research/Vol. 58, No. 4, April 1986 through electrodes at other sites on the right atrium. It thus is clear that there is no unique pathway involved in initiation of the arrhythmia. Also, when the circus movement is initiated by a premature impulse (Fig. 5) or when the direction of the circus movement is reversed by extrinsic impulses (Fig. 7) , there is an initial irregularity of electrograms (in terms of both sequence and cycle length) before the regular rhythm supervenes. Brief irregular rhythms typically can be initiated in the normal canine atria (Boyden and Hoffman, 1981) ; the transition from these irregular rhythms to regular circus movement around the tricuspid ring obviously is made more likely by the Y-shaped lesion. We assume that this transition involves events like those usually thought to be causally related to initiation of reentry. In this case, the Y-shaped lesion may protect a long isthmus of tissue after block of an impulse at one end, so that an impulse entering the other end will reach the site of block with enough delay to allow recovery of excitability. After initiation of reentry, the lesion may block paths for the propagation of impulses that otherwise would block the circus path and prevent the establishment of sustained reentry.
The observations that we have made on entrainment and termination of the tachycardia by overdrive pacing are derived from the criteria proposed by Waldo et al. (1983 Waldo et al. ( , 1984 for demonstrating a reentrant mechanism for tachycardia. He also demonstrated changes in electrogTam morphology and timing as evidence of fusion. One difference between our analysis and that of Waldo is that his criteria rely in part on the demonstration of fusion complexes that are most clearly recorded using distant recording electrodes such as standard electrocardiographic leads, whereas our analysis is based solely on local bipolar electrograms. His first criterion involves the demonstration of a constant degree of fusion during entrainment for a particular pacing cycle length, and progressive changes in the degree of fusion as the pacing cycle length is changed. When present, these observations suggest that fusion results from activation of the myocardium in part by a wavefront related to the most recent stimulus (the direct wavefront) and in part by a wavefront related to the preceding stimulus by a fixed delay (the delayed wavefront). Changes in the degree of fusion then result from activation of different amounts of myocardium by these two wavefronts as the time between successive stimuli is changed. For reentrant rhythms, the delayed component is easily explained by the return of the orthodromic impulse after it has traveled around the reentrant circuit. For other mechanisms of tachycardia, the source of delayed component is not easily explained.
In lieu of this criterion, we showed (Fig. 10) , with local electrograms, that the orthodromic impulse O N -i causes the same activation sequence as the reentrant impulse during tachycardia, and it continues to propagate, even after the next stimulus, until it collides with the next antidromic impulse, A N . We also showed that the distance traveled by A N and the site of collision between O N _i and A N vary as the overdrive pacing cycle length is decreased.
Waldo's second criterion states that when the tachycardia resumes after cessation of overdrive pacing, the first beat of the tachycardia is entrained but there is no fusion. The fact that this beat is entrained to the pacing cycle length suggests that it is related to the last pacing stimulus. This observation suggests that the mechanism responsible for the delayed wavefront that contributed to fusion during pacing is the same as the mechanism of the tachycardia, or, at least, that this delayed wavefrontwhen it occurs by itself after the last stimulus-is able to reinitiate the tachycardia. In our study, we made the analogous observation that the configuration and sequence of electrograms at several recording sites following the last stimulus that lead to resumption of the tachycardia are the same as the activation sequence of the reentrant impulse during tachycardia. One caveat to this approach is that interference from stimulus artifacts and rate-related changes in the relative amplitude of multiple components of complex electrograms during overdrive pacing can make this analysis difficult. These problems can limit the certainty about the similarity of local activation sequence at particular sites during entrainment compared with that during the tachycardia (e.g. site 1 in Fig. 10 ).
Waldo's third cirterion is that failure of the tachycardia to resume after overdrive pacing is attributable to block of an orthodromic impulse at a site proximal to the expected site of collision with an antidromic impulse. This is shown by activation of sites beyond the area of block (by continued propagation of the antidromic impulse) at times earlier than those that would have resulted from propagation of the next orthodromic impulse had entrainment continued. As discussed above, this event leads to a situation in which each orthodromic impulse (O N ) collides with the antidromic impulse from the same stimulus (A N ). As a result, the last orthodromic impulse is blocked and unable to continue reentrant excitation. Although Waldo's first two criteria are very suggestive of reentry, demonstration of the third criterion provides much stronger proof because, of the three, it is the only one that shows that a particular pattern of conduction of the orthodromic impulse around a protected circuit is necessary for the continuation of the tachycardia. We satisfied this criterion by observations like those made with Figure  11 .
We recognize that our records of bipolar electrograms do not provide definitive proof of collison of impulses in the reentrant path-indeed cannot be expected to do so. What we interpret to be collision might in fact represent failure of propagation of both the antidromic and orthodromic impulses for some other but unknown reason as the impulses 509 approach each other. We assume that collision did occur, because this seems most likely in terms of all the findings.
A striking feature of the model of atrial flutter we studied in chronically instrumented dogs was the stability and persistance of the tachycardia. Several factors may contribute to this stability. The impulse propagates through healthy tissue that generates fast response action potentials, and these typically have a large safety factor. We found no localized areas of depressed conduction or unidirectional block in the reentrant circuit. Finally, propagation of the impulse in a continuous circumferential band of atrial muscle just above the tricuspid ring may minimize structural complexities that favor block because of local discontinuities in effective axial resistance (Spach et al., 1982) .
However, it is noteworthy that the addition of the second lesion to form a connected Y-shaped incision made the tachycardia much more stable than with the intercaval lesion alone. Several factors may contribute to this increased stability. First, during part of the cycle, the reentrant impulse travels through a relatively long isthmus of tissue between the transverse lesion and the AV ring. During this interval, it may be protected from block by ectopic impulses or secondary wavefronts from other parts of the right or left atrium. The greater stability of the tachycardia after the Y-shaped lesion may also be related to the fact that the tachycardia cycle length is longer, and this results in a somewhat longer excitable gap. When the impulse follows a longer excitable gap, it will propagate through more completely repolarized tissue and therefore probably have a higher safety factor for propagation. In addition, slight variations in the duration of refractoriness in tissue around the reentrant pathway will be less likely to reduce the excitability of tissue encountered by the reentrant impulse to the point where it blocks. Finally, the rate of change of excitability at the end of the excitable gap may be an important determinant of stability. Simson et al. (1981) have developed this concept to explain differences in the degree of stability in a model of reentrant tachycardia utilizing an analogue atrioventricular bypass tract. The refractory curve relates the conduction time of a premature impulse to its coupling interval. Very early in the excitable gap, slight reductions in the coupling interval of a premature impulse are associated with large increases in conduction time. A tachycardia whose cycle length falls in the part of this curve where the slope is very steep is likely to be unstable. A slightly premature impulse that enters the tachycardia circuit is likely to conduct much more slowly than the normal tachycardia impulse. This slow conduction will make the cycle length of the next beat of tachycardia longer than normal. When the slope of the refractory curve is steep, perturbations of the cycle length tend to produce ever-increasing oscillations of the cycle length of tachycardia until a cycle length is sufficiently short that the impulse is blocked. On the other hand, a tachycardia with a longer cycle length in which the impulse travels through more completely recovered tissue will show a damped oscillation of cycle lengths following a premature impulse because the slope of this portion of the refractory curve is not steep. Although there are several important differences between our model and that of Simson et al. (1981) , it is possible that the slower tachycardia induced after creating the Yshaped lesion is more stable because the impulse travels through more completely recovered tissue where changes in cycle length are associated with small changes in conduction velocity of the reentrant impulse.
We have emphasized the usefulness of the tachycardia we studied as a model for a particular subcategory of reentrant rhythms. However, a comparison of our results with those of recent clinical studies suggest that this tachycardia may also be useful as a model of the common form of atrial flutter in man which has been called type I flutter . Important points of similarity include the response to pacing, the duration of the excitable gap, and the stability of the rhythm. Type I human atrial flutter can be entrained or terminated by overdrive pacing (Waldo et al., 1977) . The presence of an excitable gap in this type of atrial flutter was demonstrated using single premature extrastimuli by Inoue et al. (1981) and Disertori et al. (1983) . In both studies, stimuli delivered to the low right atrium shortened the tachycardia cycle length that encompassed the stimulus, whereas stimuli delivered to the high right atrium shortened the cycle following the one that encompassed the stimulus. These findings suggested that this type of human atrial flutter is caused by macroreentry with an excitable gap, and that the region of the low right atrium is involved. Inoue et al. (1981) found that the duration of the excitable gap in human atrial flutter ranged from 30 to 60 msec. They found that the excitable gap comprised about 20% of the cycle length both in human flutter and in the classical canine model created by an intercaval lesion (Rosenblueth and Garcia-Ramos, 1947) , although the absolute duration was shorter (25-35 msec) in the faster canine tachycardia. In contrast, the abolute duration of the excitable gap during flutter in the canine model we studied was similar to that measured during human atrial flutter (Inoue et al., 1981) . Finally, we found that the tachycardia induced after the Y-shaped lesion is more stable than the one induced in the classic Rosenblueth and Garcia-Ramos model. It therefore may be a better model for the long-lasting form of type I atrial flutter seen in many patients. Of course, such similarities do not per se indicate that the location of the reentrant pathway is the same in the canine model and human atria flutter.
On the other hand, the model we studied is less Circulation Research/Vol. 58, No. 4, April 1986 similar to type II atrial flutter in man (Waldo et al., 1978; Wells et al., 1979) . The inability of overdrive pacing to entrain or terminate this type of flutter, which is faster than type I flutter, suggests that it does not have an excitable gap. Allessie et al. (1984) have suggested that type II flutter may be similar to the canine flutter he could induce in dogs by infusion of acetylcholine and rapid pacing. The reentrant impulse in that canine model does not appear to circulate around fixed obstacles, and therefore is similar to the "leading circle" form of reentry (Allessie et al., 1977) in which the pathway is determined by a functional central barrier. We believe this model will be useful for studies comparing the mechanism of antiarrhythmic drug action and the response to premature stimulation in various specific forms of reentry. The model involves reentry through normal tissue around an anatomic barrier with a relatively long excitable gap during which there is incomplete recovery of excitability.
